Drosophila brahma (brm) encodes the ATPase subunit of a 2 MDa complex that is related to yeast SWI/SNF and other chromatin-remodeling complexes. BRM was identi®ed as a transcriptional activator of Hox genes required for the speci®cation of body segment identities. To clarify the role of the BRM complex in the transcription of other genes, we examined its distribution on larval salivary gland polytene chromosomes. The BRM complex is associated with nearly all transcriptionally active chromatin in a pattern that is generally non-overlapping with that of Polycomb, a repressor of Hox gene transcription. Reduction of BRM function dramatically reduces the association of RNA polymerase II with salivary gland chromosomes. A few genes, such as induced heat shock loci, are not associated with the BRM complex; transcription of these genes is not compromised by loss of BRM function. The distribution of the BRM complex thus correlates with a dependence on BRM for gene activity. These data suggest that the chromatin remodeling activity of the BRM complex plays a general role in facilitating transcription by RNA polymerase II.
Introduction
The Homeobox selector (Hox) genes specify the identities of body segments in Drosophila melanogaster and other metazoans (Gellon and McGinnis, 1998) . The transcription of Hox genes must be regulated precisely, since their misexpression often causes dramatic alterations in cell fates. In Drosophila, the initial patterns of Hox gene expression are established early in embryogenesis by transcription factors encoded by segmentation genes. During subsequent development, Polycomb group (PcG) and trithorax group (trxG) proteins assume control of Hox gene transcription (Simon, 1995; Gellon and McGinnis, 1998; . PcG proteins maintain repressed states of Hox gene transcription while trxG proteins maintain active transcription of Hox genes. Increasing evidence suggests that trxG and PcG proteins regulate transcription by altering chromatin structure (Simon and Tamkun, 2002) .
Nucleosomes, the basic units of chromatin, can act as potent repressors of transcription by blocking access of transcription factors and other regulatory proteins to DNA. Two strategies are used to regulate transcription in a chromatin environment: the covalent modi®cation of histone tails and energy-dependent chromatin remodeling (Narlikar et al., 2002) . N-terminal histone tails protrude from the surface of the nucleosome where they can mediate interactions with linker DNA (Angelov et al., 2001) , adjacent nucleosomes (Luger et al., 1997) or chromatin-associated proteins (Jenuwein and Allis, 2001 ). The acetylation, methylation or phosphorylation of histone tails can have profound effects on chromatin structure and transcription (Jenuwein and Allis, 2001) . Recent studies have revealed connections between several trxG and PcG proteins and histone-modifying enzymes. For example, the trxG protein Trithorax (TRX) physically interacts with the histone acetyltransferase (dCBP), while the PcG proteins Extra sex combs (ESC) and Enhancer of zeste [E(Z)] physically interact with the histone deacetylase Rpd3 (Petruk et al., 2001; Tie et al., 2001) . These ®ndings suggest that at least some PcG and trxG proteins may recruit histone-modifying enzymes to regulatory elements in the vicinity of Hox genes, thereby altering local chromatin structure and transcription.
Chromatin remodeling reactions are catalyzed by large protein complexes that use the energy of ATP hydrolysis to alter the structure or positioning of nucleosomes, thereby modulating the access of regulatory proteins and general transcription factors to DNA in the context of chromatin Narlikar et al., 2002) . A direct connection between trxG proteins and chromatin remodeling was provided by studies of the trxG gene brahma (brm). brm was identi®ed in a screen for extragenic suppressors of Polycomb (Pc), and was subsequently found to encode the Drosophila homolog of the Saccharomyces cerevesiae SWI2/SNF2 ATPase (Kennison and Tamkun, 1988; Tamkun et al., 1992) . The BRM ATPase is a subunit of a 2 MDa complex that is highly related to yeast SWI/SNF and other chromatinremodeling complexes, including yeast RSC and human SWI/SNF complexes (Papoulas et al., 1998; Collins et al., 1999; Kal et al., 2000) . In addition to BRM, the BRM complex contains the trxG proteins Moira (MOR) and OSA (Collins et al., 1999; Crosby et al., 1999; Vazquez et al., 1999) . Thus, at least three trxG proteins function as subunits of a large protein complex that appear to regulate the transcription of Hox genes by catalyzing ATPdependent alterations in chromatin structure.
The Drosophila BRM complex facilitates global transcription by RNA polymerase II The EMBO Journal Vol. 21 No. 19 pp. 5245±5254, 2002 ã European Molecular Biology Organization A subset of PcG proteins may directly counteract chromatin remodeling catalyzed by the BRM complex. Subunits of the 3 MDa Polycomb repressive complex 1 (PRC1) include the PcG proteins Polycomb (PC), Polyhomeotic (PH) and Posterior sex combs (PSC) (Shao et al., 1999) . PRC1 interferes with chromatin remodeling by directly preventing nucleosomal binding by human Brahma-related gene 1 (BRG1) . The BRG1 ATPase is the catalytic subunit of the human SWI/SNF chromatin-remodeling complexes and is homologous to BRM (Khavari et al., 1993) . Like Drosophila BRM, BRG1 plays a critical role during development, since mouse embryos homozygous for a Brg1 null mutation die prior to implantation (Bultman et al., 2000) . The antagonism between PRC1 and BRG1 in vitro suggests that some PcG proteins preserve the silenced state of a gene by preventing access and subsequent chromatin remodeling by the BRM complex. The role of the BRM complex is not limited to counteracting PcG repression, however, since Drosophila brm is essential for cell viability and oogenesis (Elfring et al., 1998) .
In both yeast and vertebrates, chromatin-remodeling complexes can be targeted to the appropriate promoters through direct interactions with transcriptional activators (Peterson and Logie, 2000; Hassan et al., 2001) . Targeting by transcriptional activators may be particularly critical for low-abundance chromatin-remodeling complexes such as yeast SWI/SNF, which is present at 100±200 copies per cell (Cairns et al., 1996) . Targeting may be less important for highly abundant chromatin-remodeling complexes, including the Drosophila BRM and ISWI complexes. The levels of these complexes approach the mass of the nucleosomes used to package the DNA Elfring et al., 1998) , suggesting they may play fairly global roles in modulating chromatin structure or transcription. Consistent with this possibility, recent genetic studies have shown that ISWI modulates higher order chromatin structure over broad chromosomal domains (Deuring et al., 2000) .
To clarify the function of the BRM chromatin-remodeling complex, we examined the distribution of the BRM ATPase on larval salivary gland polytene chromosomes. By directly visualizing the genome-wide distribution of a protein on chromosomes, this simple assay often provides unforeseen insights into the protein's function. Here we report the surprising observation that the BRM complex marks the majority of transcriptionally active chromatin. In addition, we present evidence that loss of BRM function dramatically impairs transcription by RNA polymerase II (Pol II). These ®ndings suggest that the BRM complex plays a much more general role in facilitating transcription than previously suspected.
Results
The BRM complex is associated with regions of open chromatin To visualize directly interactions between the BRM complex and chromatin in vivo, we examined the distribution of the BRM protein on larval salivary gland polytene chromosomes. BRM is associated with~300 sites on the euchromatic arms, including chromosomal puffs ( Figure 1A ). Identical protein distributions are seen using polyclonal antibodies against non-overlapping segments of BRM (data not shown). As shown in Figure 1B , BRM is associated predominantly with interbands: regions of less condensed DNA that therefore stain weakly with DAPI. In contrast, no BRM was detected in the centric heterochromatin of the chromocenter ( Figure 1A , arrowhead). The widespread distribution of BRM in interband regions of polytene chromosomes suggests that this protein may play a general role in transcription or other processes, possibly by creating or recognizing regions of open chromatin.
To con®rm that the distribution of the BRM protein on polytene chromosomes re¯ects the distribution of the BRM complex, we compared its distribution with that of another subunit of the BRM complex, BAP55. BAP55 is an actin-related protein that is present at stoichiometric levels in the highly puri®ed BRM complex (Papoulas et al., 1998) and is conserved in SWI/SNF-like complexes in yeast and humans (Boyer and Peterson, 2000) . As expected for a member of the BRM complex, BAP55 co-immunoprecipitates with epitope-tagged BRM protein ( Figure 2A ) and the majority of BAP55 in embryo extracts co-elutes with BRM from a gel ®ltration column ( Figure 2B ). The distributions of BRM and BAP55 on polytene chromosomes are highly coincident ( Figure 2C ), suggesting that the observed BRM protein distribution does indeed re¯ect the distribution of the BRM complex on salivary gland chromosomes.
Both genetic and biochemical evidence indicate that BRM and PC function antagonistically to each other (Kennison and Tamkun, 1988; Tamkun et al., 1992; Shao et al., 1999; . We therefore compared the chromosomal distributions of the two proteins. As shown in Figure 3 , the distributions of BRM and PC on salivary gland polytene chromosomes are very different, with the majority of the~60 PC sites not overlapping thẽ 300 BRM sites. This result is consistent with a recent proposal that the PC complex directly blocks the BRM complex from associating with chromatin . The BRM complex is preferentially associated with transcriptionally active chromatin We next compared the chromosomal distributions of BRM and RNA Pol II. For these experiments, we initially used an antibody directed against subunit IIc of Pol II, which recognizes both the initiating and elongating forms of the enzyme. The relative levels of BRM and Pol II vary at many sites ( Figure 4A ), but upon close examination it is clear that the BRM complex marks nearly every transcriptionally active site in the genome ( Figure 4B ). The C-terminal domain (CTD) of the largest Pol II subunit consists of multiple repeats of the heptad sequence (TyrSer-Pro-Thr-Ser-Pro-Ser). The CTD is phosphorylated on serines at positions 2 and 5 of this repeat during the elongation phase of the transcription cycle. While the CTDs of the initiating and promoter-paused forms of Pol II are hypophosphorylated (Pol IIa) (Weeks et al., 1993; O'Brien et al., 1994; Lis, 1998) , Ser5 of the CTD is phosphorylated preferentially near the promoter (Pol IIo Ser5 ), and Ser2 is phosphorylated on Pol II thoughout the transcription unit (Pol IIo Ser2 ) (Komarnitsky et al., 2000) . The distribution of the BRM complex is highly coincident with that of Pol IIo Ser2 ( Figure 5A ), as well as with that of Pol IIa ( Figure 5B ). Thus, the BRM complex associates with sites of both the initiating or promoterpaused Pol II and mature, elongating Pol II.
The physical association of BRM with almost all active genes in salivary gland nuclei suggests that the BRM complex facilitates transcription, perhaps by increasing the accessibility of chromatin to transcription factors or Pol II. It is also possible, however, that the BRM complex is not required to create regions of active chromatin, but merely recognizes some characteristic feature of actively transcribed genes. For example, the association of the BRM complex with active chromatin could result from a physical association of the BRM complex with Pol II, as has been reported for SWI/SNF in yeast (Wilson et al., 1996) . The physical association of yeast SWI/SNF and Pol II has been somewhat controversial, with some groups detecting a physical association while others have not (Cairns et al., 1996) . To determine whether the Drosophila BRM complex is physically associated with Pol II, we attempted to co-immunoprecipitate Pol II and BRM. We were unable to detect a physical association between BRM and Pol II using very mild conditions (Figure 2A ), so we favor a model in which BRM is recruited to active promoters through some other mechanism.
Histone tails can be post-translationally modi®ed by phosphorylation, acetylation and methylation to create distinct chromatin environments, with transcriptionally active chromatin looking very different from inactive chromatin (Jenuwein and Allis, 2001) . It is possible that the BRM complex recognizes a histone modi®cation that is enriched in active chromatin. Several protein domains that recognize modi®ed histone tails have recently been identi®ed. For example, the bromodomains of GCN5, TAFII250 and p300/CBP-associated factor (P/CAF) speci®cally bind acetylated histone tails (Dhalluin et al., 1999; Jacobson et al., 2000; Owen et al., 2000) . We therefore wondered whether the bromodomain near the C-terminus of the BRM protein might recruit the BRM complex to active chromatin.
Although the brm gene is essential in¯ies, the bromodomain of BRM is not (Elfring et al., 1998) . We were therefore able to examine the distribution of BRM on salivary gland polytene chromosomes from larvae that express only BRM protein lacking the bromodomain (BRM DBD ). The chromosomal distribution and level of the BRM protein in wild-type and BRM DBD larvae appears quite similar compared with Pol II (Figure 6 ), indicating that the BRM bromodomain is not required for the association of the BRM complex with transcriptionally Fig. 2 . BAP55, an actin-related protein, is a subunit of the BRM complex. (A) BAP55 is physically associated with the BRM complex in embryo extracts. Immunoprecipitations were performed using the 12CA5 antibody against the HA tag and protein extracts derived from either OregonR embryos (lanes 1±3) or P[w + , brm-HA-6His]92C; brm 2 / Df(3L)th102 embryos (lanes 4±6). Western blotting was performed on one-tenth of the total input extract (I) and supernatant (S) and one-®fth of the total pellet (P) using antibodies against BRM, BAP111, BAP55 and RNA Pol IIc. The HMG-domain protein BAP111, another subunit of the BRM complex, is presented as a positive control (Papoulas et al., 2001) . Note that BAP111 and BAP55 are immunoprecipitated with BRM, while Pol II is not (lane 6). Proteins in the pellet lane show slightly reduced mobility relative to start and supernatant due to differences in buffer conditions. (B) Western blot of fractions derived from a Superose 6 gel ®ltration column loaded with embryo extract and probed with antibodies against BRM, BAP111 and BAP55. Vertical arrows indicate void and elution volumes of molecular weight standards. Note that the majority of BAP55 co-elutes with BRM and BAP111, while some BAP55 appears to be monomeric. (C) Distributions of BRM (green) and BAP55 (red) on wild-type salivary gland polytene chromosomes. Chromosome arm 2L is shown. Note that the patterns of BAP55 and BRM proteins are predominantly overlapping. active chromatin. It is therefore not likely that the BRM protein is simply responding to levels of histone acetylation via its bromodomain.
The BRM complex is essential for global transcription
The BRM complex is localized to nearly every active gene in salivary gland nuclei, but is it required for transcription of these genes? brm is an essential gene; individuals homozygous for brm null alleles die before completing embryogenesis (Elfring et al., 1998) . To investigate whether brm is required for transcription in salivary gland nuclei, we made use of a GAL4-inducible transgene encoding a dominant-negative form of the BRM protein (BRM K804R ). A single amino acid substitution in the highly conserved ATP-binding site of the BRM protein (lysine to arginine at residue 804) eliminates BRM ATPase activity. However, this mutant form of the BRM protein is properly assembled into the BRM complex and therefore antagonizes wild-type brm function in vivo (Elfring et al., 1998) . We used an hsp70-GAL4 driver under non-heat shock conditions to express BRM K804R in salivary glands, and con®rmed expression by western blot analysis (data not shown). For simplicity, these individuals will be referred to as UASbrm K804R . Although the mutant salivary glands are reduced in size, this level of expression of BRM K804R does not drastically disrupt the structure of the chromosomes. The DAPI-stained chromosomes are slightly thinner than control chromosomes derived from control glands expressing LacZ, but otherwise display an overall normal banding pattern (see below). To address whether BRM is necessary for transcription, we examined the distribution of Pol IIo Ser2 on the mutant chromosomes. As one of the predominant forms of elongating Pol II in ies, the presence of Pol IIo Ser2 on polytene chromosomes re¯ects active transcription (Kaplan et al., 2000; Prelich 2002) . Upon BRM K804R expression in the salivary glands, the level of Pol IIo Ser2 on chromosomes is drastically reduced ( Figure 7B ) as compared with the chromosomes of control glands expressing LacZ ( Figure 7A ). The BRM complex is not only required for the elongation of Pol II; the levels of initiating and promoter-paused Pol II (Pol IIa) were also reduced on mutant chromosomes ( Figure 7D ) as compared with control chromosomes ( Figure 7C ). Thus, a functional BRM complex appears to be required for Pol II association with promoters.
As a speci®city control we examined the distribution of other chromatin-binding proteins on salivary gland polytene chromosomes from mutant larvae. The distribution and levels of PC protein appear to be comparable on chromosomes derived from control salivary glands expressing LacZ ( Figure 8A , green) and those derived from salivary glands expressing BRM K804R ( Figure 8B , green). The levels of PC are occasionally slightly reduced, consistent with thinner chromosomes, but are not disrupted or reduced to the same degree as Pol IIo Ser2 Fig. 3 . The BRM complex is associated with regions that are not bound by PC. Immuno¯uorescence detection of BRM (green) and PC (red) on wild-type salivary gland polytene chromosomes. Note that the distributions of BRM and PC proteins are dissimilar with few sites of overlap. ( Figure 8A and B, red) . The observation that loss of BRM function does not affect the binding of PC to chromosomes is consistent with genetic studies showing that partial loss of Pc function does not suppress brm mutant phenotypes (Brizuela et al., 1994) . The protein levels and distribution of the ISWI ATPase (a chromatin-remodeling factor related to BRM) are similarly unaffected on polytene chromosomes derived from salivary glands expressing BRM K804R ( Figure 8D ) as compared with chromosomes derived from control salivary glands ( Figure 8C ). We therefore conclude that expression of BRM K804R does not non-speci®cally affect the binding of proteins to chromatin.
Since brm is essential, it is possible that the observed reduction in Pol II transcription is a secondary consequence of a general decline in the level or activity of Pol II due to loss of an essential gene. We have conducted two experiments to exclude this possibility. First, we examined the levels of Pol II present in the salivary glands. The ratios of Pol II protein relative to a control protein, a-tubulin, are not reduced in larval salivary glands expressing BRM K804R when compared with glands expressing LacZ (1.8 and 1.5, respectively; Figure 9A ). Thus, partial loss of BRM function does not result in a speci®c decline in the levels of Pol II.
Secondly, to demonstrate that chromosomes derived from salivary glands expressing BRM K804R are still capable of a transcriptional response, we examined the expression of a gene not regulated by BRM. We chose the heat shock genes for these experiments, because genetic studies have suggested that the BRM complex might not be required for transcription from the heat shock promoter (Tamkun et al., 1992) . Furthermore, the BRM protein does not localize to the heat shock puffs following heat shock ( Figure 9B ). Lastly, expression of a dominant-negative form of human BRG1 has no effect on heat shock-induced activation of hsp70 (de la Serna et al., 2000) . Thus, the heat shock genes appeared to be good candidates as controls to determine whether or not salivary glands expressing BRM K804R are competent for transcription. As shown in Figure 9C and D, the heat shock response is intact in glands expressing BRM K804R , since heat shock results in the recruitment of similar levels of Pol IIo Ser2 (red) to heat shock loci in polytene chromosomes expressing either LacZ ( Figure 9C ) or BRM K804R ( Figure 9D ). These results suggest that loss of BRM function does not result in a non-speci®c loss of Pol II activity. We therefore conclude that the BRM complex is required for transcription of the majority of Pol II genes. Immuno¯uorescence detection of BRM (green) and RNA Pol IIa (red) on wild-type salivary gland polytene chromosomes reveals that the BRM complex is present at many sites of transcriptional initiation or promoter pausing. The distal region of the X chromosome is shown. Fig. 6 . The BRM bromodomain is not required for the recruitment of the BRM complex to active chromatin. Immuno¯uorescence detection of BRM (green) and RNA Pol II (subunit IIc) (red) on salivary gland polytene chromosomes derived from larvae expressing only BRM lacking the bromodomain (BRM DBD ). Note that BRM DBD is localized to transcriptionally active regions. The distal region of the X chromosome is shown. Fig. 7 . Expression of dominant-negative BRM (BRM K804R ) in the salivary gland compromises Pol II transcription on polytene chromosomes. Immuno¯uorescence using antibodies directed against RNA Pol IIo Ser2 (A and B, red) and RNA Pol IIa (C and D, green). Note that expression of dominant-negative BRM (UASbrm K804R ) results in a dramatic reduction in the levels of both Pol IIo Ser2 (B) and Pol IIa (D) relative to that observed on chromosomes derived from salivary glands expressing LacZ (UASlacZ) (A and C).
Discussion
In this study we report the unexpected observation that the BRM ATPase marks nearly all transcriptionally active chromatin on polytene chromosomes. Furthermore, partial loss of BRM function drastically reduces global transcription. A few genes, such as induced heat shock loci, are not associated with the BRM complex. Transcription of these genes is not compromised by loss of BRM function. Thus, the distribution of the BRM protein is correlated with a dependence on BRM for gene activity. We therefore conclude that the BRM chromatin-remodeling complex is required for most RNA Pol II transcription in salivary gland nuclei.
Although this study focused on the role of BRM in a polytene tissue, the observations presented here are consistent with genetic studies of diploid tissues. brm is required for the expression of a variety of genes in imaginal discs including Ultrabithorax, Antennapedia, Sex combs reduced and engrailed (Tamkun et al., 1992; Elfring et al., 1998) . Interestingly, the BRM complex has also been implicated in transcriptional repression. The trxG gene osa (also called eyelid) encodes an ARIDdomain protein that is present in a subset of BRM complexes (Collins et al., 1999; Vazquez et al., 1999) . OSA-containing BRM complexes are required for the repression of Wingless target genes in the embryo and the wing disc (Collins and Treisman, 2000) . A dual role for chromatin-remodeling complexes in both the activation and repression of transcription is not unprecedented. For example, the yeast SWI/SNF complex is required for the activation of 126 genes and the repression of 203 genes (Holstege et al., 1998) . Close examination of our polytene chromosomes reveals a small number of BRM sites that do not overlap with transcriptionally active chromatin. It is possible that the BRM complex plays a role in transcriptional repression at these sites. However, the majority of the BRM complex is distributed over transcriptionally active chromatin, suggesting that the major function of the Drosophila BRM complex is that of facilitating gene expression.
How does the BRM complex activate transcription? Our results suggest that the BRM complex is required for a relatively early step in transcription, since partial loss of BRM function results in reduced levels of RNA Pol IIa on salivary gland polytene chromosomes. BRM may be required for the binding of transcriptional activators, assembly of the pre-initiation or promoter-paused complex, and/or recruitment of Pol II. Furthermore, the similar distributions of BRM and elongating Pol II (Pol IIo Ser2 ) on salivary gland polytene chromosomes suggest that BRM might also facilitate transcriptional elongation. It is noteworthy that the hsp70 heat shock genes do not require the BRM complex for their expression. The hsp70 genes are unusual in that when uninduced the genes exist in a relatively nucleosome-free con®guration (Lis, 1998 ) with a paused RNA Pol II that has produced a short RNA transcript (Rougvie and Lis, 1988) . This con®guration may not depend upon the BRM complex for transcriptional activity; rather, the open architecture of these promoters may be a consequence of known interactions with the NURF chromatin-remodeling complex and factors residing upstream of heat shock genes Xiao et al., 2001) .
Our data suggest that the BRM complex recognizes some unique feature of active genes. We investigated whether BRM physically associates with Pol II, as has been reported for yeast SWI/SNF (Wilson et al., 1996) . Although the chromosomal distributions of BRM and Pol II proteins are similar, their levels vary dramatically from site to site, suggesting that BRM and Pol II are not present in the same protein complex. In agreement with this, Pol II was not detected in the puri®ed BRM complex (Papoulas et al., 1998) and we were unable to detect a physical association between BRM and Pol II by coimmunoprecipitation. We also investigated whether the association of BRM with active chromatin is dependent on the BRM bromodomain, a domain conserved in many (green) and RNA Pol IIo Ser2 (red). In marked contrast to RNA Pol IIo Ser2 (red), the levels and distribution of PC (green) are comparable on polytene chromosomes derived from UASlacZ larvae (A) or UASbrm K804R larvae (B). (C±F) The levels and distribution of ISWI (green) are comparable on polytene chromosomes derived from UASlacZ larvae (C) or UASbrm K804R larvae (D). As an internal control, the chromosomes were simultaneously stained for RNA Pol IIo Ser2 (red). The levels of Pol IIo Ser2 are reduced on chromosomes from UASbrm K804R larvae (F) relative to the levels observed on chromosomes from UASlacZ (E).
proteins that interact with chromatin (Horn and Peterson, 2001; Marmorstein and Berger, 2001 ). The bromodomains of GCN5, TAF II 250 and P/CAF speci®cally bind acetylated histone tails (Dhalluin et al., 1999; Jacobson et al., 2000; Owen et al., 2000) . Deletion of the BRM bromodomain, however, did not alter the distribution of the BRM protein. We conclude that the BRM protein does not preferentially associate with acetylated chromatin via its bromodomain. Given the importance of post-translational modi®cations of histone tails in gene expression, it will be interesting to explore other possible connections between histone modifying enzymes and the BRM complex.
Transcriptional activators can recruit chromatinremodeling complexes to speci®c genes (Peterson and Logie, 2000; Hassan et al., 2001) . Given that the BRM complex is associated with the majority of active genes, could direct interactions with transcription factors completely account for its distribution? At least one transcription factor, Zeste, is capable of recruiting the BRM complex to speci®c genes in vitro (Kal et al., 2000) . Yeast SWI/SNF binds acidic activation domains of GAL4-VP16, Gcn4, Hap4 and Swi5, while human SWI/SNF interacts with c-Myc, MyoD and nuclear hormone receptors, as well as the zinc ®ngers of EKLF, SP1 and GATA-1 (Hassan et al., 2001) . Most promoters and enhancers have binding sites for multiple transcriptional activators. At least one of these activators may have an acidic activation domain, a zinc ®nger, or another domain that could interact with the BRM complex. It is therefore possible that transcriptional activators might target the BRM chromatin-remodeling complex to its many sites of action.
Our results are also consistent with the proposal that some chromatin-remodeling complexes act as global regulators of chromatin¯uidity (Kingston and Narlikar, 1999) . In the nucleus, the mass of the BRM complex is equivalent to the mass of the histones (Elfring et al., 1998) . Perhaps the essential, abundant BRM complex acts globally to remodel nucleosomes and facilitate transcription. The regulation of this promiscuous complex may hinge upon negative acting factors that function to exclude the BRM complex from inappropriate genes. PC and the PcG proteins are good candidates for these factors. reported that a core PRC1 protein complex (consisting of PC, PSC, PH and dRING1) prevents the human homolog of BRM (BRG1) from binding to chromatin in vitro. Since BRG1, PC and PSC are all capable of binding DNA (Quinn et al., 1996; , the authors proposed that this PcG complex might compete with the BRM complex for binding to the linker regions of chromatin. Alternatively, PRC1 might create higher order chromatin structures that are not accessible to the BRM complex. The predominantly non-overlapping distributions of PC and BRM on salivary gland polytene chromosomes are consistent with both of these models. However, these proposed mechanisms are more dif®cult to reconcile with the heat shock genes, which do not associate with BRM, yet are also not bound by PcG proteins.
Do SWI/SNF complexes act globally to facilitate transcription in other organisms? Humans possess two ATPases highly related to BRM, BRG1 and hBRM, which function as the catalytic subunits of the SWI/SNF-like BAF and PBAF complexes (Narlikar et al., 2002) . These complexes have been implicated in the control of a large variety of genes including multiple genes involved in muscle differentiation, Tcf-responsive genes, targets of hormone receptors, human b-globin, a 1 antitrypsin, CSF1 and the class II transactivator gene (Armstrong et al., 1998; Fryer and Archer, 1998; Barker et al., 2001; de la Serna et al., 2001; Liu et al., 2001; Pattenden et al., 2002; Soutoglou and Talianidis, 2002) . When BRG1 was expressed in cells lacking both BRG1 and hBRM, 80 genes (B) Unlike heat shock factor (HSF, red), BRM (green) is not recruited to heat shock loci following heat shock. DNA is stained with DAPI (blue). (C and D) The heat shock reponse is intact in salivary glands expressing dominant-negative BRM. UASlacZ larvae (B) or UASbrm K804R larvae (C) were heat shocked and chromosomes were stained with anti-RNA Pol IIo Ser2 (red) and DAPI (blue). Chromosome 3R is shown and the heat shock genes are indicated. Note that levels of Pol II associated with the heat shock genes are comparable in glands expressing LacZ or BRM K804R .
Drosophila BRM facilitates transcription were activated and two were repressed (Liu et al., 2001) . Yeast also possess two ATPases highly related to BRM: SWI2/SNF2, the catalytic subunit of SWI/SNF; and STH1, the ATPase of the RSC complex . Whole-genome microarray experiments suggest that the non-essential SWI/SNF complex is required for the correct expression of only 1±6% of genes (Holstege et al., 1998; . Less is known about the role of the RSC complex, as the genes that encode its subunits are essential (Cairns et al., 1996) . However, the distribution of the RSC complex in the yeast genome suggests that it may play a role in the regulation of~700 targets (Damelin et al., 2002; Ng et al., 2002) . RSC was also found to interact with TATA-binding protein (TBP) (Sanders et al., 2002) . These results indicate that several of the SWI/SNF-like complexes target a large number of genes and suggest that the role of the Drosophila BRM complex in facilitating general transcription may be conserved in other organisms.
Materials and methods

Drosophila stocks and genetic crosses
Flies were raised on cornmeal/molasses/yeast/agar medium containing Tegosept and propionic acid. Unless otherwise indicated, Drosophila strains were obtained from the Bloomington Stock Center and are described in FlyBase (http://www.¯ybase.org). To examine the effect of BRM K804R on chromosome structure and function, Df(1)w67c2 y; P[w + UAS G -brm K804R -HA-6His]2-2 (Elfring et al., 1998) or w; P[w +mC UASlacZ.B]4-2-4B¯ies were crossed to w; P[w +mC GAL4-Hsp70.PB]89-2-1 ies, and polytene chromosomes were prepared from the progeny which were either of the genotype: Df(1)w67c2 y/w; P[w + UAS G -brm K804R -HA6His]2-2/P[w +mC GAL4-Hsp70.PB]89-2-1 or w/w; P[w +mC UASlacZ.B]4-2-4B/P[w +mC GAL4-Hsp70.PB]89-2-1. These larvae are referred to in the text and ®gures as UASbrmK804R and UASLacZ, respectively. Flies expressing BRM lacking the bromodomain were as described previously (Elfring et al., 1998) and are of the genotype w; P[w + , brm D1446±1517 ]; brm 2 /Df(3L)th102.
Protein biochemistry
Co-immunoprecipitations were performed as described previously (Papoulas et al., 1998) using mouse monoclonal anti-hemagglutinin (HA) antibody 12CA5 (BabCo, Richmond, CA) and af®nity-puri®ed rabbit anti-BRM (Elfring et al., 1998) , anti-BAP111 (Papoulas et al., 2001 ) and anti-BAP55 polyclonal antibodies. The rabbit anti-BAP55 polyclonal antibody was directed against amino acids 48±94 fused to glutatione S-transferase and af®nity puri®ed. Pol II was detected with goat antibody directed against the 140 kDa IIc subunit of Pol II (kind gift from A.Greenleaf; Skantar and Greenleaf, 1995) . The mouse anti-a-tubulin antibody was a kind gift from B.Sullivan (Sisson et al., 2000) . Gel ®ltration chromatography was carried out as described previously (Papoulas et al., 1998) using protein extract prepared from 0±12 h P[w + , brm-HA-6His]92C; brm 2 /Df(3L)th102 embryos.
Analysis of polytene chromosomes
All salivary gland polytene squashes were prepared from third instar larvae maintained at 18°C. Wild-type polytene chromosomes were prepared from OregonR larvae. For heat shock experiments, larvae were heat shocked at 37°C for 20 min and salivary glands were dissected in 0.7% NaCl solution warmed to 37°C to prevent recovery. To compare the levels of various chromatin-associated proteins on polytene chromosomes from larvae expressing either LacZ or BRM K804R , squashes were prepared simultaneously and the images were taken using identical exposures and processed identically. Each result shown is representative of multiple experiments.
Glands were dissected in 0.7% NaCl and ®xed for 10 min in 45% acetic acid/1.85% formaldehyde. After squashing, slides were frozen in liquid nitrogen and coverslips were removed. Slides were washed in phosphatebuffered saline (PBS), PBS/1% Triton X-100 and blocked for 30 min in PBS/0.1% Triton X-100/1% BSA (PBS-TB). Squashes were incubated overnight at 4°C in primary antibodies diluted in PBS-TB. Primary antibodies from different species were incubated with polytenes simultaneously. Af®nity-puri®ed rabbit anti-BRM antibodies (directed against the N-terminal amino acids 505±775 or the C-terminal amino acids 1504±1638; Elfring et al., 1998) ; rat anti-BRM (directed against amino acids 1504±1638); rabbit anti-PC (kind gift from R.Paro; Strutt et al., 1997) ; goat anti-RNA Pol II (IIc) (kind gift from A.Greenleaf; Skantar and Greenleaf, 1995) ; rat anti-BAP55 (directed against amino acids 48±94); guinea pig anti-HSF (Andrulis et al., 2000) ; rabbit anti-ISWI ; goat anti-Pol IIa (kind gift from A.Greenleaf; Weeks et al., 1993) ; and mouse IgM anti-Pol IIo Ser2 (H5) (kind gift from G.Hartzog; Kim et al., 1997) were all used at 1:100 dilutions. Slides were then washed in PBS, blocked in PBS-TB, and incubated for 1 h at room temperature in the appropriate secondary antibodies (Jackson ImmunoResearch Laboratories) diluted 1:200 in PBS-TB. Slides were washed in PBS and stained with 50 ng/ml DAPI for 4 min, washed in PBS and mounted in Vectashield (Vector Laboratories, Inc.) or in 80% glycerol/PBS/0.1% n-propyl gallate. In all double stains, control squashes in which each of the primary antibodies were omitted in turn were done to ensure that no background¯uorescence resulted from either antibody (data not shown).
The method used to obtain double stains using BRM and PC rabbit antibodies was adapted from a protocol suggested by Jackson ImmunoResearch Laboratories. Following incubation with PC antibody, biotin-labeled Fab fragments (diluted 1:200) were used as a secondary. Following incubation with TRITC-labeled streptavidin (diluted 1:400), the squashes were incubated with the second primary (anti-BRM), followed by the second secondary (FITC-labeled goat anti-rabbit). Omission of the anti-BRM primary ensured that the anti-PC antibody was completely blocked by the Fab fragments and not available to bind the FITC-labeled goat anti-rabbit. The results obtained from double stains with rabbit anti-BRM and anti-PC are comparable to protein distributions obtained using rat anti-BRM and rabbit anti-PC (data not shown). Polytene images were captured on a Leitz DMIRB inverted photoscope equipped with a Leica TCS NT laser confocal imaging system, a Zeiss Inverted Axiovert¯uorescent microscope, or a Leica Aristaplan uorescent microscope. Images were processed using PhotoShop.
